The mechanical properties of a gray cast iron disc brake rotor are directly influenced by the amount and morphology of the graphite present throughout the rotor. Two of these properties, the modulus of elasticity and the damping capacity, can have a significant effect on the propensity for the disc brake rotor to produce noise. The noise propensity of a disc brake is in a large part determined by the relationship between the rotor resonances and the resonances of the other brake components such as the pads. In this paper. we are concerned only with the effect that modulus of elasticity has on disc brake noise through its influence on rotor resonances.
The amount and morphology of the graphite in gray cast iron is determined by the catbon content and silicon content of the iron. i h e carbon and silicon content are measured by one parameter called the carbon equivalent. For gray cast iron the relationship between carbon equivalent and modulus of elasticity is almost linear for the grades used in disc brake rotors. This relationship allows the modulus of elasticity and, in tum, the rotor resonances and resulting brake noise to be influenced by the carbon equivalent of the rotor.
A case study showing the effectiveness of controlling rotor resonances through carbon equivalent to reduce brake noise is presented. The subsequent effect of foundry process control on brake noise propensity is also evaluated.
INTRODUCTION
Gray cast iron has been traditionally and remains Presently the choice for disk brake rotors (ref.
1) The modulus of elasticity and the damping capacity are two of the mechanical properties of gray cast iron that can have a sigr ficant effect on the propensity for the disk brake to produce noise. The modulus of elasticity and damping capacity of gray cast iron are properties that are directly influenced by the amount and morphology of graphite present in the iron. The amount and morphology of graphite is to a significant degree determined by the carbon and silicon content of the iron. The carbon and silicon content are measured by on parameter called the cabon equivalent. Therefore, the modulus of elasticity and damping capacity, both of which influence the noise propensity of gray cast iron rotors can be controlled by one metallurgical parameter, the carbon equivalent.
CARBON EQUIVALENT, MODULUS OF ELASTlCrrY AND ROTOR RESONANCES
The carbon equivalent (CE) of gray cast iron in % is equal to the percent carbon plus one third of the percent silicon (ref.3) . This is indicated in the following formula:
The carbon equivalent is a quantity that is commonly reported in the chemical analysis of gray cast iron. In references (4) and (8). the percent phosphorus is included with the percent silicon.
Modulus of Elasticity
The modulus of elasticity of gray cast iron is affected by its chemical composition and microstructure. It is not a constant. This is a unique characteristic that is not found in other ferrous materials such as steel. This characteristic is discussed in references (2). (5). (6). (7) and (8) .
The carbon and silicon content as measured by the carbon equivalent of gray iron has a significant effect On modulus of elasticity (E). This characteristic is shown in Figure 1 below. The relationship between catbon equivalent and modulus of elasticity is almost linear for the range of values shown in Figure 1 . It can be approximated by the following equation over the range 3.3 5 CE s 4.8 percent.
The data lrom which equation (2) is derived is from reference (8). Table 6 .3.4. It is a linear regression fit with a correlation coefficient of 0.982. It is also presented in reference (9). This result is qualitatively supported by data from references (4). (5). and (6).
Rotor Resonances
The theoretical resonances of a disk brake rotor are directly proportional to the square root of the modulus of elasticity E, a function (A) of the geometry and boundary conditions only, and a function (0) of the density and Poissions ratio. This is shown by equation (3). where ACE is the variation in carbon equivalent in percent and is defined as the change in carbon equivalent, X E divided by the nominal value of the CE.
Combining equations (10).
( 1 1 These variables are defined in the Definitions section.
Effect of Carbon Equivalent on Rotor Resonances
Differentiating equation (3) and applying some algebra, it can be shown that the variation of rotor resonant frequency (Af) in percent is equal to one half the variation in modulus of elasticity (AE) in percent. This is shown by the following equations:
where Af is the change in frequency a, divided by the nominal frequency, f, :
and similarly: AE = (aE I E)
Applying a similar process to equation (2) for E as a function of carbon equivalent CE and taking the absolute value, get the following relationship for the variation in modulus of elasticity. E: 
CASE STUDY
The effect of carbon equivalent on the propensity for a disk brake to produce noise is analyzed in the following vehicle case study. Two geometrically identical rotors were produced from two different grades of gray cast iron. The chemical analysis of these rotors is shown in Table 1 below.
Rotor Material Characterfstlcs
The microstructure of both rotors was s~milar. Rotor number 1 had a hardness of BHN 217. The ,icrostructure consisted of flake graphite in a pearlitic matrix in both the tophat section and rotor section. 
Correlation of Carbon Equivalent with Resonant Frequency Shift
The values for "E" in Table 1 were calculated from Equation (2) and the measured c a h n equivalent ' CE." Using these values for E and Equation (3), it can be shown that rotor no. 2 should have resonant frequencies that are 4.2% higher than rotor no. 1 or visa versa. The results of these calculations are shown in Table 2 below. In simple terms, the predicted resonance of rotor 2 is the measuredresonance of rotor 1 multiplied by the square root of the ratio of the modulus of elasticity for each rotor or visa versa. A Chi-Squared Test of the predicted versus measured resonances supports the hypothesis that the shift in rotor resonance can be predicted by carbon equivalent.
These results support the case for using carbon equivalent as one of the parameters to control when it is desirable to control rotor resonances.
Resonance Shift versus Noise Propensity
In the remaining discussion, it will be shown that this shift in rotor resonance can reduce the propensity for the disk brake to produce noise. The differences between the measured resonances for rotors 1 and 2 and the brake pad resonances is calculated in Table 3 . This data is also graphically presented in figure 2, below. For rotors 1 and 2, this is difference 1 and 2. respectively. The average of these differences for rotors 1 and 2 is 360 and 100 respectively.
When the proximity or difference between disc brake rotor and pad resonances is less than approximately 200 Hz, experience has shown that the propensityfor noise generally increases. This happens because of intramodal excitation and modal locking between the pad and rotor. Based on this, rotor 2 should show a hiaher pro~ensitv for noise than rotor 1. The total number of stops in Table 4 also includes all o the SLACT noise evaluation stops. There were no noises observed during the S U C T part of the test for either vehicle. Although the total number of stops was different for each rotor, both rotors Saw only 1000 Cold chamber evaluations. The differences occurred becau: of weather and scheduling problems during the S U C T sections.
Damping effects
As mentioned initially, the carbon equivalent also influences the damping. Based on the carbon equivalen for rotors 1 and 2, the damping would be .15% and .l3% respectively (ref. 4) . This slightly higher damping value for rotor 1 over rotor 2 could have also contributed to its reduced propensity for noise. However, modal damping measurements showed the rotor number 2 to have an average modal damping of 0.25% and rotor number 1 to have an average modal damping of 0.18%. Since rotor number 1 was quieter than rotor number 2, the damping appears not to be a significant effect in this case.
PROCESS CONTROL CONSIDERATIONS
At this point, it has been shown that the shift in resonant frequencies of geometrically identical gray cast iron rotors can be predicted by the difierence in c a h n equivalent of the material and that this factor can be used to control the noise. The implication of this factor is that an uncontrolled variability in the iron making process could, through the relationship between carbon equivalent and resonance shift resun in increased brake noise. If the variation in carbon equivalent from foundry process control could be estimated, equation (12) would provide a method of evaluating this effect. To determine this variation, a batch of 5 similar rotors from 3 different foundries were subjected to chemical analysis. The results of this analysis are shown in Table 5 . ACE is the variation in carbon equivalent in percent and is assumed to be equal to the normalized sample standard deviation. This is defined as the magnitude of the sample standard deviation of the carbon equivalent in percent divided by the sample average value of the CE in percent (see eq. (11)). As shown at the bonom of Table 5 , the average sample standard deviation ACEjor all three foundries is 1.17%. The resulting variation in rotor resonances, Af from equation (12) This data is typical of foundry process control and falls within the guidelines presented in SAE J431 (ref.
3) for Automotive Gray Iron Castings. Table A1 in this reference shows typical carbon equivalent values to vary from 3.9% to 4.2% lor grade G3000. If it is assumed that this spread in CE values covers 6 sigma (6 standard deviations), then the resulting value for ACE, calculated from equation (1 1) is 1.28%. This is greater than the sample standard deviation of 1.17% for the three foundries shown in Table 5 . This means that these foundries are on the average controlling carbon equivalent within acceptable limits.
Returning to the Case Study for a moment, it is poss~ble that both rotor 1 and 2 could have both been produced by Foundry number 3. The ACE calculated for rotors 1 and 2 is 1.31%. This is less than the ACE of 1.39% tor Foundry 3 as shown in Table 5 . This means that rotors 1 and 2 could have been produced during the normal operation of Foundry 3. Assuming that the pad are stable, this is a possible explanation for the some of the unexplained random brake noise problems that crop up in previously quiet production systems.
If it is accepted that when the proximity or difference between disc brake rotor and pad resonances is less than approximately 200 Hz, the propensity for noise generally increases, lhen the above level of foundry process control is probably not adequate. To show this, use the data from Table 5 for Foundry 1. This foundry had the lowest variation. Assume first that a ACE of 0.99% and the corresponding Af of 1.1 4% are reasonable estimates of sigma and can be used to estimate a desired rotor to pad modal separation for reduced noise propensity. Assume also that it is desirable to have plus or minus 3 sigma (99.7%) of the rotor population and plus or minus 3 sigma (99.7%) of the pad population have resonances that are never within 200 Hz of each other. Finally. assume that plus or minus three sigma (3Af = 3.42%) encompasses the resonant frequency variation of 99.7% of the rotor population 99.7% of the pad population. The assumption that the pad population has the same variability as the rotor population has no basis in fact and is used only for example calculations. The actual data from the pad population should be used for realistic calculations. However, based on these assumptions, it can be calculated that, for example at 2 kHz. the desired rotor to pad modal separation is 349 Hz, and at 20 kHz, the desired rotor to pad modal separation is 1516 Hz. The magnitude of these modal separations would be difficult to achieve without major changes to pad and rotor geometry.
However, significant improvements in foundry process control are technically feasible. Using the steel industry as a guide (rel.1 I), the carbon content in steel can typically be controlled to a standard deviation 0.01% carbon. If it is assumed that carbon equivalent can be controlled to the same degree, then for rotor number 1, ACE would be 0.25%. Follow the same method as described in the above paragraph. For 99.7% of the and rotor population to never have less than 200 Hz modal separation, the modes should be separated by 440Hz at 14200 Hz. This compares favorably with the 450 Hz separation for rotor number 1 shown in Table 3 .
This was the quiet rotor. It should be remembered that all of the above calculations are based on the assumption that pad variabilw is the same as rotor variability. This being the case, the application of the 200Hz minimum modal separation limit is technically feasible with improvements in pad and rotor process control. . This shift in resonant frequencies can be used to reduce the propensity for the disc brake to produce noise.
The relationship between carbon equivalent and rotor resonant frequency can be used to set targets for process control to reduce the noise propensity of a disc brake. % 
